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microsatellite loci in other wild species (Roy et al. 1994; Taylor et al. 1994) .
These hypervariable microsatellite loci contained both perfect and imperfect stretches of (CA) repeats (Table 2) . As previously demonstrated (Johansson et al. 1992; Weber 1990 ), we observed a correlation between variation and the average length of the dinucleotide repeat unit. For example, the smallest mean repeat of (CA) 18 at Phc-l also exhibited the lowest heterozygosity and the least allelic diversity (Table 2 ). However, this may not be the only factor determining allelic diversity, because Phc-2 and Phc-4 contained the longest mean (CA) repeats but were not the most variable (Table 2 ).
It is conceivable that in some captive colonies, paternity assignment may not be statistically possible using microsatellite genotyping alone. In these circumstances, the combination of stud records (including spatial relationships between mating pairs) and genotyping will be most informative. This combination has proved advantageous in pedigree determination in a wild wombat colony, using microsatellite genotyping and burrow-cluster information (Taylor 1995).
In conclusion, analysis of hypervariable microsatellite markers currently provides the most statistically powerful method of quantifying levels of genetic variation in koalas. Future applications of microsatellite genotyping include determination of the levels of inbreeding in colonies, and the quantification of reproductive success within family groups. In addition, this fingerprinting technique also has the power to resolve disputed ownership and illegal traffic and/or poaching of koalas. Microsatellite genotyping also has potential application to population genetics. Wild populations of koalas have a particularly interesting and well-documented history, but population genetic studies have been hampered by low variation revealed by other techniques (Ramus, in preparation; Taylor et al. 1991; Worthington-Wilmer et al. 1993 Timms P, Kato J, Maugerl M, and White N, 1993 . DNA fingerprint analysis of a free-range koala population. Blochem Genet 31363-373.
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Worthington-Wilmer JM, Melzer A, Carrick F, and Moritz C, 1993. Low genetic diversity and inbreeding A Crotalus horridus genomic library was screened for clones containing microsatellite loci by hybridization with oligonucleotides consisting of a (dC x dA) n dinucleotide repeat. Primers designed to amplify six of the microsatellite loci were used to screen 32 unrelated individuals representing populations in eastern Pennsylvania, southern New Jersey, North Carolina, South Carolina, and Alabama. The six microsatellite loci were all polymorphic, with two to nine alleles, and heterozygote frequencies at each locus from 0.1 to 0.69. Allelic frequencies varied among geographically separated populations. Screening of two families produced no evidence of multiple paternity. These microsatellite markers should be useful for the assessment of kinship relationships and genetic diversity within and between populations of C. horridus. The application of this technology could provide a valuable tool for the development of effective conservation and management programs for threatened and endangered populations.
The timber rattlesnake (Crotalus horridus) has experienced habitat loss, population fragmentation, and extirpation across its range (Brown 1993) . Presently it is listed as threatened or endangered in the states of Ohio, New York, and New Jersey, and is listed as a candidate species in Pennsylvania. Information about the genetic structure and the amount of genetic variation represented in these scattered populations is crucial for effective management policies. However, no information of this type is presently available.
Initially we attempted to use randomly amplified polymorphic DNA (RAPD) mark-ers to assess genetic relationships within C. horridus populations. This effort was only moderately successful due to the problems associated with the interpretation of RAPDs (reviewed in Hadrys et aJ. 1992) . To date, there have been no species specific genetic markers available for use with C. horridus. Microsatellites are a recently discovered class of genetic markers (Utt and Luty 1989; Weber and May 1989) consisting of short, 1 to 6 bp, tandemly repeated elements that offer a powerful tool for use in studies of population genetics (reviewed in Bruford and Wayne 1993) and kinship (reviewed in Queller et al. 1993) . Eucaryotic genomes typically include a large number of highly polymorphic microsatellite loci (e.g., Kashi et al. 1990 ). Because these loci tend to be relatively short (generally less than 400 bp), they are readily amplified using the polymerase chain reaction (PCR). Moreover, the primers identified for one species have been shown to successfully amplify microsatellite loci in related species (e.g., Menotti-Raymond and O'Brien 1995).
Microsatellites provide a necessary tool in the development of appropriate management strategies for endangered and threatened wildlife populations by permitting the assessment of genetic relatedness of individuals and populations. Microsatellite loci have been identified and used in studies involving a variety of wildlife species, including pilot whales (Amos et al. 1993) , roe deer (Morsch and Leibenguth 1993) , and Japanese macaques (Inoue and Takenaka 1993).
Here we report on the isolation and characterization of six polymorphic microsatellite loci in C. horridus. These loci consist of (dC x dA) n dinucleotide repeats. We show that these markers are heritable and have high heterozygosities. As such, they should provide a useful tool for population genetic analysis of C. horridus and possibly for other related species. In addition, we have developed a rapid, noninvasive method for the purification of DNA from shed skins.
Materials and Methods

Samples
Blood was collected from the caudal vessels of individual C. horridus by the technique of Reinert and Bushar (1991) and stored at -20°C or -80°C. Shed skins from C. horridus were collected from captive snakes and from snakes in the field. Shed skins were stored at -20°C or -80°C prior to DNA purification. All samples were identified by a prefix, indicating the location of origin, followed by a code number. The locations of origin are HR, Stokes County, North Carolina; T, Aiken County, South Carolina; Aub, Lee County, Alabama; PB, Ocean County, New Jersey; TR, Berks County, Pennsylvania; and P, Pike County, Pennsylvania.
Preparation of Genomic DNA A 250 ^g shed snake skin was quick frozen on dry ice and processed in 10 s bursts in a food processor (e.g., Black and Decker Handy Chopper HC20 type 3) containing 2 to 3 g of crushed dry ice until the skin and dry ice were in powder form. The powdered skin was repeatedly heated at 65°C for 3 to 5 min and mixed for 5 to 10 s until the carbon dioxide sublimed. The cell homogenate was incubated in 3 ml of L6 buffer [98% guanidine thiocyanate (g/v) and 2% Triton X-100 (g/v) in 0.01 M Tris (pH 6. 4), 0. 036 M ethylenediaminetetraacetic acid, pH 8.0] (Boom et al. 1990 ) for 30 minutes at 37°C, followed by centrifugation at room temperature at 3000X g for 5 min to remove insoluble materials. The volume of the supernatant was brought up to 3 ml with TE buffer [10 mM Tris-HCl (pH 8. 0); 1 mM ethylenediaminetetraacetic acid] and extracted with an equal volume phenol : chloroform: isoamyl alcohol (49.5: 49.5:1) followed by extraction with an equal volume of chloroform: isoamyl alcohol (24:1). The DNA was precipitated by the addition of 2 volumes of ice cold ethanol, pelleted by centrifugation, air dried, and dissolved in 500 n.1 TE. The DNA was reprecipitated by the addition of 50 (xl of 5 M NaCl and 1 ml of ice cold ethanol, pelleted and dried as above. The resulting DNA was dissolved in 100 p.1 H 2 O.
Genomic DNA was purified from whole blood by a method adapted from Gill et al. (1985) . Genomic DNA from liver was purified as previously described (Ausubel et al. 1993) .
Library Construction and Screening
Ten micrograms of liver genomic DNA was digested with 100 units of Alu\ restriction endonuclease for 1 h at 37°C, followed by heat inactivation of the enzyme and ethanol-salt precipitation (Ausubel et al. 1993 ). The dried DNA pellet was resuspended in water, digested with 80 units of Rsal restriction endonuclease for 1 h at 37°C, and the DNA was recovered as described above. The digested DNA was size fractionated on a 4% agarose low-melt gel (FMC Bioproducts, Rockland, Maine) containing IX TBE buffer (0.1 M Tris, 0.09 M boric acid, 0.001 M EDTA, pH 8.4), and DNA fragments 300 to 500 bp in length were excised from the gel using a razor blade. The DNA was recovered from the gel slice using Qiaex particles (Qiagen, Los Angeles, California) according to the supplier's protocol.
The liver genomic DNA library was constructed in pCR-Script (Stratagene, LaJolla, California) and transformed into DH5a cells (Gibco-BRL Life Technologies, Gaithersburg, Maryland) according to the manufacturer's instructions. Plating and screening of the library was performed using a kinased (CA) 15 oligonucleotide using established protocols (Ausubel et al. 1993 ).
Sequencing of CA Repeat Containing Clones Double-stranded DNA was prepared from positive clones using Qiaprep spin columns (Qiagen) and sequenced on an ABI model 373A under standard conditions. Primer pairs were designed in unique sequence surrounding the microsatellite. Amplification conditions were initially optimized for each primer pair by the addition of 2% dimethyl sulfoxide (v/v) or 0.5 mM spermidine to the PCR reaction, followed by comparison of the PCR products on 4% agarose gels.
Genomic Amplification, Electrophoresls, and Autoradiograpby
One primer in each set was end labeled with gamma ATP as previously described (Ausubel et al. 1993) . For each PCR amplification, approximately 200 ng of genomic DNA was amplified in a 25 jxl reaction which included 0.2 mM dNTPs, 0.4 JJLM of each unlabeled primer, 1 x PCR buffer and 0. 5 U Taq DNA polymerase (Boehringer Mannheim Biochemicals, Indianapolis, Indiana), 0. 26 pJ kinased primer (-0.01 pM) and 2% dimethyl sulfoxide (for loci 5A, 7-150, 7-144, 5-183) or 0.5 mM spermidine (for loci . Amplification was performed in Techne PHC-3 DNA thermal cyclers (Princeton, New Jersey) with an initial denaturation of 94°C for 5 min followed by 35 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. Following amplification, samples were diluted 1:5 in formamide loading buffer (formamide containing 1 mg/ml xylene cyanol, 1 mg/ml bromophenol blue, 0.01 M ethylenediaminetetraacetic acid) and electrophoresed on 7% acrylamide (19:1 acrylamide: bis-acrylamide) gels containing 8 M urea and 1X TBE buffer. Gels were transferred to Whatman 3MM blotting paper, dried, 
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Given for each locus are the primer set sequences (5' to 3 1 ), the repeat sequence in the original clone, the size range of PCR products for the Individuals screened, the number of Individuals screened with the primer set, and the number of aileles and heterozygote frequency at each locus (calculated according to Weir 1990 ).
• The size of the PCR products were determined by comparison to a DNA sequencing ladder run on each gel and sizes are +/-2 bp.
and exposed to Kodak X-OMAT AR film with intensifying screens for 3 h to overnight.
Results and Discussion
A C. horridus small insert genomic library was prepared and screened for recombinant clones that contained (dC X dA) n dinucleotide repeats. Positive clones were identified at a frequency of 1:100 recombinants, with each recombinant clone containing 300 to 500 bp of C. horridus genomic DNA (see Materials and Methods). Assuming a uniform distribution, (dC X dA) n dinucleotide repeats are found every 30 to 50 kbp throughout the C. horridus genome. This is comparable with estimates for the . DNA from PB9402.09 was purified from shed skin, DNA from TR6-88 was purified from liver, DNA from the remaining Individuals was purified from blood. (B) PCR amplification of microsatelllte locus 5A of a mother and six of her neonates from Pike County, Pennsylvania. DNA for amplification from the mother (P4-94) was purified from blood, while DNA from her neonates was purified from their shed skins. (C) PCR amplification of microsatelllte locus 7-87 of a mother and 12 of her neonates from Pike County, Pennsylvania. DNA for amplification from the mother (P4-94) was purified from blood, while DNA from 12 of her neonates was purified from their shed skins. Note added in proof: Trie size of the aileles should be: (A) 164, 160, 158, 156, 154, 152, 150, 142; (B) 158, 142; (C) 159, 145. frequency of (dC x dA) n dinucleotide repeats in other genomes, such as human (reviewed in Weber and May 1989) , boar (Johansson et al. 1992) , and dog (Ostrander et al. 1992) , and suggests that these dinucleotide repeats should be equally useful for population genetic analysis in C.
horridus.
The recombinant clones containing (dC x dA) n dinucleotide repeats were sequenced, and unique sequence primers for amplification of microsatellite loci using the polymerase chain reaction (PCR) were developed (Table 1 ). The six microsatellite loci were analyzed by PCR in DNA from 32 unrelated individuals representing populations in eastern Pennsylvania, southern New Jersey, North Carolina, South Carolina, and Alabama. Figure 1A presents an example of the results of this analysis for the locus 5A. The presence of smaller, faint bands below the major amplification product ("stutter") is a typical artifact of PCR amplification of microsatellite loci (Johansson et al. 1992) . Analysis of the products of the PCR amplification revealed that these loci are all polymorphic having from two to eight alleles and heterozygote frequencies (calculated according to Weir 1990) at each locus from 0.1 to 0.69 (Table 1) . Not all 32 individuals were amplified with each primer set. The number of individuals screened with each primer set is indicated in Table 1 .
These analyses suggested that allelic frequencies varied among geographically separated populations ( Figure 1A ). The six individuals from a small, geographically isolated population in Ocean County, New Jersey (PB), showed reduced heterozygosities at three of the four loci examined, in comparison with the population from Berks County, Pennsylvania (TR) (data not shown). For two of the loci, 5-183 and 7-150, all six individuals in the New Jersey population were homozygous for the same allele in comparison with heterozygosities of 0.4 and 0.2, respectively, for the Berks County, Pennsylvania, population. High levels of homozygosity within a population may be indicative of a bottleneck having occurred in the population (e.g., Menotti-Raymond and O'Brien 1993, 1995) . Although the sample size in this study is small, results such as these may have important implications for the longterm survival of such threatened and endangered species.
PCR amplifications using four of these primer sets (5-183, 7-87, 5A, and 7-150) were performed with a family consisting of a mother and her neonates. Figure IB il-lustrates the results of this analysis at locus 5A for six of the neonates. Figure 1C shows the results at locus 7-87 for 12 of her neonates. The inheritance patterns of these markers confirms that the loci are heritable in a standard Mendelian fashion, with each neonate having a genotype containing at least one of the mother's two aileles. Although the father of these neonates was not known, the presence of only two aileles in the offspring along with the homozygosity of the mother indicates that he must have been heterozygous for the 349 and 333 bp aileles of locus 5A. This eliminates any of the other individuals sampled from Pennsylvania (TR) as potential fathers ( Figure 1A) .
PCR of neonates was performed on DNA purified from their shed skin. The use of shed skin provides a useful alternative to more invasive methods of tissue collection. This is particularly true with respect to the sampling of neonates, which typically undergo their first molt within 4 to 7 days following birth. PCR amplifications of DNA purified from blood and skin from the same individual gave identical results (data not shown).
Reid studies have not established the occurrence of multiple paternity in C. horridus families, although multiple insemination and multiple paternity have been suggested for garter snakes (Thamnophis sirtalis), Swedish adders (Vipera berus), and copperheads (Agkistrodon contortrix) (reviewed in Duvall et al. 1993) . Our results gave no indication of multiple paternity for the offspring examined ( Figures  1B,C) . Analysis with the remaining markers (5-183 and 7-150) and of a second family supported this conclusion (data not shown).
The microsatellite loci identified and characterized in this study should provide useful markers for studies of kinship and population genetics. We are currently using these markers to analyze genetic diversity within and between geographically separated populations and to establish kinship relationships within populations. They should provide valuable information for the development of effective management policies for these threatened and endangered populations.
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